A parcel formulation for Hamiltonian layer models
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Starting from the three-dimensional hydrostatic primitive equations, we derive Hamiltonian N-layer models with isentropic tropospheric
and isentropic or isothermal stratospheric layers. Our construction employs a new parcel Hamiltonian formulation which describes the
fluid as a continuum of Hamiltonian ordinary differential equations bound together by integral transport laws. In particular, we show
that this parcel Hamiltonian structure is compatible with the stacking of layers under isentropic or isothermal constraints. The appeal
of the parcel formulation is the simplification of various calculations, in particular the derivation of the continuum Poisson bracket
and the proof of the Jacobi identity. A comparison and connection is made between the Hamiltonian dynamics of fluid parcels and
the Hamiltonian system of partial differential equations. The parcel formulation can be seen as a precursor and tool for the study of
Hamiltonian numerical schemes.

1 Introduction

Compressible fluid mechanics has a well known Hamiltonian formulation in which all Eulerian fields—
velocity, density, and potential temperature, if applicable—appear as variables in the associated Poisson
structure (Shepherd 1990, Salmon 1998). This structure is generally destroyed under any kind of dis-
cretization. Less well known is the so-called parcel Hamiltonian formulation in which each infinitesimal
fluid element evolves according to a non-autonomous Hamiltonian ordinary differential equation much
akin to classical point-particle mechanics (Bokhove and Oliver 2006). Each single parcel Hamiltonian is
the sum of its kinetic energy and an Eulerian potential evaluated at the parcel’s position. Mass and energy
transport remain, however, external to the Hamilton principle—they merely tie together the single parcel
equations by providing non-autonomous contributions to the single parcel potentials. Thus, the parcel
Hamiltonian formulation provides less structure than the classical continuum Hamiltonian formulation.
Remarkably, the parcel formulation survives space-discretization by numerical particle methods, a fact
which has been explored by Frank et al. (2002), and Frank and Reich (2003, 2004).

We remark that the parcel Hamiltonian formulation is formally weaker than the Hamiltonian formulation
in Lagrangian coordinates, yet the former contains enough structure so that the latter can be systemati-
cally reconstructed. Part of the reconstruction involves mapping between the Poisson brackets in Eulerian
and Lagrangian descriptions, which are well known (Morrison 1982, Holm et al. 1983, Marsden et al. 1984).
The bracket associated with the parcel formulation can immediately be recognized as a localized version
of the Poisson bracket in Lagrangian coordinates; this correspondence is trivially realized by choosing
localized test functionals. However, the corresponding translation between the localized Hamilton function
of the parcel formulation and the Hamilton functional of the Hamiltonian formulation in Lagrangian coor-
dinates is more than a name change—it involves, in the forward direction, the equivalent of reconstruction
of a potential from a gradient. We have previously studied this correspondence in the context of three
(geophysical) fluid models: two-dimensional vortical systems in a generalized streamfunction-vorticity rep-
resentation, the rotating shallow-water equations, and the three-dimensional compressible Euler equations
for an ideal gas (Bokhove and Oliver 2006, Bokhove and Lynch 2007).
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T'he appeal of parcel formulations is two-Ifold. First, they provide a setting for the study and derivation of
Hamiltonian particle methods that is more general than the smoothed particle hydrodynamic-type (SPH)
schemes of Salmon (1983); in particular, Hamiltonian particle-mesh (HPM) methods as introduced by
Frank et al. (2002) are included. It can be shown that any numerical scheme which preserves the parcel
structure will have a circulation theorem in the sense of Frank and Reich (2003). Second, the derivation of
the continuum Poisson brackets as well as the proof of the continuum Jacobi identity are greatly simplified
by taking a parcel Poisson formulation as the starting point. The explicit computations behind the mapping
of the Lagrangian to the Eulerian continuum Poisson bracket (Holm et al. 1983) are also easy to carry out
using the parcel framework.

In this paper, we extend the discussion of parcel formulations to simplified models of the atmosphere
that consist of N quasi-two-dimensional layers in each of which the flow is columnar. We demonstrate that,
provided the layer flows satisfy a thermodynamic iso-constraint, the N-column Hamiltonian formulations
(as we call the parcel Hamiltonian formulation when integrated over fluid columns) have matching condi-
tions at the layer interfaces which are compatible with the structure. In particular, the layer Hamiltonians
sum up to an N-layer Hamiltonian that can then be lifted to a full N-layer continuum Hamiltonian with
easily computable N-layer Poisson bracket. While the latter is well known (Ripa 1993, Bokhove 2002),
the derivation we offer is straightforward and new. Our primary motivation, however, lies in the parcel
formulation as a precursor for HPM or Hamiltonian particle finite element discretizations of multilayer
systems.

In the main body of the paper, we study the case of N isentropic layers. An isentropic model will be
neutrally and statically stable provided the isentropes do not overturn and the values of the layer entropies
increase upward. Here, the entropy is constant in each layer, so that, within each layer, only static stability
is achieved. Yet, the stratification in the atmosphere, especially in the stratosphere, is typically strictly
stable with strict monotonic increase of entropy with height (Birner 2006). Thus, isentropic layer models
can be viewed as a piecewise constant approximation of hydrostatic gas dynamics with an increasing
entropy profile. In other words, they constitute a finite volume approximation in the vertical.

In Appendix D, we show that a similarly layered column formulation can be achieved under isother-
mal conditions. On the one hand, this computation demonstrates how different iso-constraints lead to
structurally similar Hamiltonian layered column systems. On the other hand, the observation that in the
stratosphere temperature and buoyancy frequency are nearly constant (Birner et al. 2002), may give some
limited physical motivation for studying isothermal conditions: It is conceivable that diabatic effects bal-
ance density variations following a fluid parcel such that temperature is nearly conserved on a fluid parcel,
in contrast to the adiabatic basis of isentropic layer modeling. Note that depth variations in the velocity
profile could be modeled by using multiple layers with the same temperature.

The paper is structured as follows. In Section 2, we introduce the parcel formulation of the hydrostatically
balanced, inviscid and unforced primitive equations, which shall be the starting point for our construction.
In Section 3 we restrict the dynamics to isentropic columnar motion and construct a stack of IV such layers.
In Section 4, we lift the column Poisson formulation to a full continuum Poisson formulation and derive
the Eulerian equations of motion. The paper concludes with a short summary and discussion in Section
5. Two appendices present interesting variations of this theme. In Appendix C, we present an Eulerian—
Lagrangian “in between” formulation of our system, and Appendix D introduces the isentropic-isothermal
N-layer model.

2 Parcel equations of motion

The starting point of our derivation is the dynamics of a single parcel of an ideal gas in hydrostatic balance
on the f-plane, located at position X = (X}, Z) = (X,Y, Z), with velocity U = (U, W) = (U, V, W) and
potential temperature ©. Writing Vy, = (9/0U,0/0V) and Vx, = (9/0X,0/9Y) for derivatives with
respect to the velocity and position coordinates, respectively, and setting Uﬁ = (—V,U) with corresponding
notation for other vectorial quantities in the horizontal plane, we can state the parcel Eulerian-Lagrangian



equations of motion,
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The parcel energy is given by
1
Hy :Hh(Xth7@7t) = §|Uh’2+M(X7®7t)7 (2)
where
M(X,0,t) =01II(X,t) + gZ and II(X,t)=c,n(X,t)" (3)

are the Montgomery potential and Exner function, respectively, expressed in terms of a dimensionless
pressure (X, t) = p(X, t)/p; with reference pressure p;, and where k = R/c, with R the gas constant and
¢p the constant specific heat at constant pressure.

System (1) is the hydrostatic version of the parcel formulation of gas dynamics given in Bokhove and
Oliver (2006). The vertical velocity W is absent in the parcel energy (2) because the small aspect ratio
between vertical and horizontal length and velocity scales used in the hydrostatic approximation implies
that W2 < |Uy|%. In this formulation, the Montgomery potential is seen as an externally prescribed
potential which is defined on the continuum so that, in particular, gradients can be taken. We stress that
the Exner function has Eulerian arguments II = II(x, t) evaluated in (3) at the parcel’s location x = X.

In principle, the parcel position X(t), velocity U(t), and potential temperature ©(¢) depend on the
continuum of parcels and time. On the other hand, equations (1) and (2) provide a non-autonomous
Hamiltonian formulation for a single fluid parcel characterized by the variables Xy, Uy, and ©; it is
constrained because the hydrostatic approximation is made. In this picture, these variables are considered
as functions of time with only parametric dependence on the particular Lagrangian label A (Bokhove and
Oliver 2006, Bokhove and Lynch 2007, Dixon and Reich 2004). We note that © plays formally the role
of a (generalized) position coordinate; we could associate a trivial dual momentum variable to obtain a
canonical Hamiltonian formulation. Consequently, the Montgomery potential (3) depends on 3+ 1 position
variables which can be differentiated upon independently; the notation Vx thus refers to the gradient with
respect to the first three physical position coordinates.

Missing is therefore a continuity equation such that the pressure—through the equation of state—can
be determined from densities and potential temperatures of all parcels. We thus define a flow map such
that the Eulerian position of a fluid parcel with label a is given by x = x/(a, t) and the Eulerian velocity u
is implicitly defined by x(a,t) = u(x(a, t), t). The position and velocity of the distinguished parcel with
a = A are then X(¢) = x(A,t) and U(t) = u(x(A,t),t). Finally, we introduce the Eulerian potential
temperature 6(x,t) by setting

0=06(A) =0(x(A,1),t) (4)

(note that we are assuming adiabatic conditions—in general, ©® will be a function of time as well) and the
Eulerian density via

p(x,t) = /p(a, 0)6(x — x(a,t)) da (5)



with Dirac delta function of - ).

We will now show that system (1) coincides with the usual system of partial differential equations for
the hydrostatic motion of an ideal gas. First, recall that the first law of thermodynamics for an ideal gas,
with equation of state

p=pRT, (6)
can be restated as
Tds=c,dT" —dp/p, (7)

so that

% _ <p)ﬁ — " with §=T, exp<(s_5r)> , (8)
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where s is the parcel specific entropy, and s, and T; denote reference specific entropy and temperature,
respectively (Gill, 1982). Eliminating 7" from (6) and (8), we obtain
-1
p" 1
= )
Df pRY

Since Vx acts, by definition, only on the three classical position coordinates, it commutes with ©. Hence,
we take the derivative of the potential with respect to the Eulerian coordinates and evaluate it at the
parcel’s position, as for classical single-particle non-autonomous Hamiltonians (see, e.g., the introduction
of Marsden and Ratiu 1994). Thus, using the relation of parcel to Eulerian potential temperature (4) and
(9), we find

VxM(X(1), ©,1) = © VxII(X(1), 1) + Vx(s2) (10a)
- [9(x, £) VII(x, 1) + V(gz)} o (10b)
1
= Vp(x,t —}—ng] . 10c
e T V6| (100)
In particular, (10) implies that (1d) is equivalent to
1 0p
= - — . 11
0 50: 9 (11)

We recognize the right hand side of (10) as terms in the usual PDE formulation, while the left hand side
of (10) and, consequently, system (1) also make sense for a non-dense set of discrete parcel paths (though
closure of a such a discrete system via the continuity relation certainly requires approximation). In this
reading, (1) contains the horizontal trajectory equations, the horizontal hydrostatic momentum equations
for one single fluid parcel for an ideal gas written in material form, hydrostatic balance, and conservation
of potential temperature on a parcel. Since we can reconstruct the Eulerian pressure via (5) and (9), the
entire fluid system is closed.

We close with four remarks. First, once we know the pressure, either through the closure relations (5) and
(9) or from observation, we can calculate trajectories for individual fluid parcels in the non-autonomous
Eulerian-Lagrangian formulation.

Second, an expression for the vertical velocity dZ/dt can, in principle, be derived by differentiation of
the hydrostatic balance relation in time, thereby ensuring that the solution remains hydrostatic. However,
an explicit expression for the vertical velocity is not required in what follows.



Third, the density 1s in fact the Jacoblan

Ox(a,t) _ _ p(a0) (12)

Oda p(X(a, t), t)

between fluid label a and Eulerian coordinates x = x/(a,t). This relation is never explicitly required, but
is implicitly contained in the derivation of (5) via

p(x,t) = /p(x', t)o(x—x')dx' = /p(a, 0)d(x — x(a,t))da. (13)

Similarly, we can write

p(x,t)0(x,t) = /p(a, 0)O(a)d(x — x(a,t)) da. (14)

Mathematically, (13) can be interpreted as the push-forward of p(-,0)da interpreted, for example, as a
Radon measure by the flow map x. Thus, (13) can be read, in slight abuse of notation, as

/ 6(x) plx, ) dx = / b(x(a.1)) pla, 0) da (15)

for all appropriately integrable test functions ¢, with a corresponding expression for (14); see, for example,
Appendix A in the paper of Cullen and Feldman (2006) on the semi-geostrophic equations. Here, however,
we are not claiming an analytic framework for generalized solutions of hydrostatic compressible flow; for
a review on rigorous results see, for example, Li and Wang (2008). Rather, our point is structural: the
integral relations (13) and (14) can be used, formally, as a starting point to derive numerical particle
methods upon discretizing the density as a finite linear combination of point masses while replacing the
Dirac delta by a regularized shape function. Moreover, writing the mass transport law in the form (13) is
convenient as it leads to formally correct manipulations. As an example, the Eulerian continuity equation
emerges by taking the time derivative of (13), using (1) and the definition of the Eulerian velocity field u
via

Op(x,t) = —/p(a, 0) Vo(x — x(a,t))-U(a,t)da = —V-(p(x, t) u(x,t)) . (16)

Again, a rigorous correspondence is beyond the scope of this paper but has been given, for example, in
the landmark paper by DiPerna and Lions (1989).

Fourth, there is a way to derive the identity (10) by using only integral relations (13) and (14), without
explicit reference to the Eulerian potential temperature defined in (4). This perspective is more satisfactory
from a numerical viewpoint where discrete versions of these integral relations are the primary building
blocks. We therefore start from a weak formulation, using an arbitrary test function p(A,0) ®(A)—the
extra p(A,0) is unessential but simplifies the expressions visually—to find

/p(a7 0)®(a) VxM(O,X,t)da = /,o(a, 0) ®(a) (O(a) VII(x(a, t),t) + gk) da

@ / B(x 1 (x, 1)) p(x, £) O, 1) VII(x, 1) dx + / p(a,0) ®(a) gk da
[ ola,0) 0@ [0 1) VIIx.0) + 9] da

1
_ / p(a,0) (a) {p(x’ 5 Vo) +V(92)L3i(a,t> (17)
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Figure 1. Sketch of the N-layer atmosphere. The interfaces z = z4(x,t) for « = 1,..., N — 1 and the top of the upper stratospheric
layer at z = 2zo(x,t) are time dependent. The Earth’s surface resides at z = b(x,t) = zn(x,t). Continuous and dimensionless pressures
are defined at the interfaces and the Earth’s surface using reference pressure p,. The pressure pg > 0 at the top, z = z0(x, t), is constant.
Horizontal coordinates are x;, = (z,3)7 and time is denoted by t.

with k the unit vector in the vertical. Note that X = X(¢) = x(A,t). Since ® is arbitrary, (10) follows
again.

3 The N-layer isentropic model

In the following, we reduce the three-dimensional hydrostatic dynamics to a coupled system of N quasi-
two-dimensional layers. To keep the N-layer model simple, we require that the parcels can be tied to a
continuum by a continuity relation for a single scalar pseudo-density (to be introduced later). All thermo-
dynamic potentials must be computable from parcel quantities and this pseudo-density, which amounts
to constraining the thermodynamics to some isosurface. In this section, we exemplify the construction by
assuming isentropic layers. Isothermal conditions can be treated much the same; the necessary changes are
detailed in Appendix D.

The derivation proceeds in two steps. First, we derive the non-autonomous Hamiltonian parcel formula-
tion for the isentropic N-layer model as a special case from the hydrostatic parcel model. Second, we show
how to obtain a continuum formulation of this N-layer model by using continuity in an integral sense.

For each a = 1,..., N, the layer labeled a ranges from z,(xp,t) < z < z4—1(xn, t) at constant potential
temperature 6,; see Fig. 1. We write 7q(xn,t) = p(Xn, 2a(Xn,t),t))/pr for @« = 0,..., N to denote the
dimensionless pressure at the interface between layer o and layer a + 1. The bottom of the tropospheric
layer @« = N has prescribed stationary topography zy(xn,t) = b(xy) while the top layer surface at
z = zp(Xn,t) is free with fixed dimensionless pressure 79 > 0, implying a positive temperature at z
through (8). To ensure neutral and static stability, we must require 6,_1 > 0.

In each isentropic layer, Eulerian potential temperature 6 and parcel potential temperature © coincide,
so that we can write the Montgomery potential directly in terms of # and the dimensionless pressure

n(x,t) = p(x,t)/py, i.e.

M=c,0n" +gz. (18)
Hydrostatic balance implies that M, within each layer, is independent of z; see (11). Thus, (18) can be
evaluated at any convenient height surface z = z(xy, t).

At the Earth’s surface, we can express the tropospheric Montgomery potential My in terms of the
dimensionless surface pressure 7y and surface topography b(xy,),

My = ¢, On 0 + gb. (19)



At the intertace z = z, between layer o and layer « +1 tor « = 1,..., N — 1, we have, due to continuity
of the pressure and the z-independence of the Montgomery potentials,

M, = Cp o 772 + 9 2a (20)
and

Ma+1 = Cp 9a+1 7’]2 + gZqa - (21)

Rearranging, we obtain the recurrence relation

My — Mat1=¢p (0o — Oas1) Mgy (22)
and therefore
N-1 N-1
Mo =My + Y (Mg —Mp1) = My +¢, Y (05— 0p.1) 75 - (23)
B=a B=a

The free surface height zy may be recovered from the top layer Montgomery potential by noting that,
at the free surface,

M1=Cp91773+920- (24)

Equating (24) with (23) for a = 1 readily yields an expression for zp. When imposing rigid lid boundary
conditions, it is actually more convenient to introduce an additional constant of integration —(c, 61 ng +
g Zp) to the top layer Montgomery potential in (23), so that the top surface is characterized by M; = 0.
It also may be reasonable to take 1y = 0, implying zero temperature at the top of the atmosphere.

All N Montgomery potentials are seen to be Eulerian quantities and determined by the dimensionless
Eulerian pressures 1, = 71q(Xn,t) for @« = 1,..., N and topography b = b(xy). Once they are known
and evaluated at the location x = X, of a layer’s fluid parcel, the parcel trajectory can be calculated
independent of all the other parcels. The coupling between the layers and between neighboring parcels
within a layer is, again, prescribed in the form of a continuity equation. More specifically, we note that the
mass of a slice of fluid of thickness dz in one of the layers with infinitesimal horizontal area dxj, is given,
due to hydrostatic balance and with n = p/p,, by

dm = pdxpdz = —dx, dp/g = —pr dxp dn/g. (25)

Integrating this relation across each layer, we obtain the mass of an infinitesimal fluid column within each
layer with base area dx; as the layer pseudo-densities

Za—1 P Na P
T r
Uaz/ pdz:/ dn == (Na = 1a-1) , (26)
Zo -g Na—1 g
where a = 1,..., N. Incidentally, these relations explain our downward counting of the layers.

Note that our formulation allows the layer thickness to become zero. At these locations, the layer pseudo-
density is also zero as the pressure drop cancels at the horizontal lines where o, vanishes. This happens,
for example, for Earth-intersecting isentropes. Special boundary parcels demarcate the horizontal extent
of an isentropic layer, both for fixed-wall boundaries and dynamic internal boundaries.

Let us now assume that the motion is columnar within each layer, ¢.e. that the initial velocities and,
consequently, the velocities at any later time, are independent of z. We also, for simplicity, drop the layer
index. Then, the flow map can be written as x(a,t) = (xu(an,t),{(an, ¢, t)), where we now explicitly



distinguish the third component ¢ of the three-dimensional parcel position x and the third label ¢ of
the three-dimensional label a = (ay, ¢), and its Jacobian decomposes multiplicatively (Miles and Salmon
1985). It is now easy to see that

U(Xh,t) == /O’(ah,O)(S(Xh - Xh(ah,t)> dah (27)
with
ztop(ah,O)
o (an, 0) = / oy, ¢, 0) de. (28)
Zbot (ah,())

We are now ready to formulate a complete “column Hamiltonian formulation” of the continuum N-layer
model. All vectors are now purely two-dimensional, so that we drop the subscript on horizontal vectors
in the remainder of the paper. First, we have the hydrostatic parcel description (1), reduced to columnar
motion, in each of the layers:

dX,

T Vu,H, =U,, (29a)
T —fVy, Ho — Vx Ho=—-fU, — Vx M, (29b)
with layer Hamiltonians
1
Ho(Xa, Ua,t) = 5 [Ual? + Mo (X, ) (290)
where o = 1,..., N. In this non-autonomous column Hamiltonian formulation, the four dependent vari-

ables are the horizontal column positions and velocities X, and U,. The layer Montgomery potentials are
given by (19) and (23); they read

My (X,t) = ¢ On v (X, 1) + g b(X) (29d)
N-1
Ma(X,1) = My(X. 1)+ ¢p 3 (05 — 051) ns(X, 1) (29¢)
B=«a
for « = 1,...,N — 1. The Montgomery potentials depend on the dimensionless pressures which, due to

(26), can be written in terms of the pseudo-densities as

Mo = Mo + g Z ol (291)
Pr =1

fora=1,...,N.
Finally, the columns are tied together by the integral version of the continuity equation for the pseudo-
densities,

oa(x,t) = /Ua(a, 0)§(x — xq(a,t)) da. (29¢)

Let us summarize to re-emphasize the structure of the N-layer column model. Equations (29a—c) are, for
each fixed label A, a finite dimensional non-autonomous Hamiltonian system. We may write X, = X, (¢; A)
and U, = U,(t; A) to emphasize the parametric dependence of X,, and U, on A in the sense that the final



description, 1.e. (29), does not involve derivatives with respect to A. These systems form a continuum in
the label space which is bound together by the integral continuity equation (29g) for the pseudo-densities
04- The pseudodensities feed back into the column Hamiltonian through the Montgomery potentials—this
dependence renders the Hamiltonians time dependent.

System (29) is a closed form description of the fluid. It is different from the well-known Hamiltonian
descriptions in terms of partial differential equations since the pseudodensities are external to the Hamilto-
nian structure. As such, it can be seen as a precursor to smoothed particle hydrodynamics (SPH) as derived
variationally by Salmon (1983), Hamiltonian particle finite element methods, or Hamiltonian particle-mesh
(HPM) methods like the ones described in Frank et al. (2002) and Frank and Reich (2004). These latter
schemes differ from classical SPH since they involve Eulerian potentials and Eulerian discretizations thereof
evaluated at the respective discrete particle positions (particles being the discretizations of the parcels such
that discrete entities and continuum ones are clearly distinguished). As a consequence, the computations
are in some instances faster, with symplectic time stepping guaranteeing phase-volume preservation.

In the next section, we show how to recover the well-known continuum Poisson structure from this new
column Poisson structure.

4 Hamiltonian formulation

In this section we show how to write the N-layer column equations (29) in a column Poisson formulation,
how to “lift” this column Poisson formulation to a partial differential (generalized) Poisson formulation,
and, thereby, how to obtain the usual Eulerian description of the N-layer system. The derivation is
relatively straightforward, but, to the best of our knowledge, has not appeared elsewhere.

We first note that (29a) and (29b) can be written as

dF

— = {FH
g = \BHY (30a)
where
N N
{F,G} =) {F.G}a =) [V F-Vu,G+Vx, FVy,G-Vx,GVy,F (30b)
a=1 a=1

for arbitrary functions F' and G of X, U, and ¢, and with Hamiltonian

N N
H=) H —ZE\U 2+ M, (30c)
_azl _a:12 ’ .

The equations of motion (29a) and (29b) follow from (30) by taking F = X, and F' = U,, respectively.
The bracket (30b) is skew-symmetric and satisfies the Jacobi identity

{KAF,G}}+{F.{G,K}} +{G,{K,F}} =0 (31)

for arbitrary functions F,G and K as can be verified directly; it is canonical when f = 0. Note that the
Hamiltonian H is not a constant of the motion as it depends, through the Montgomery potentials

My = M, (n,@(Xon t)v b(Xa)) ) (32)

functions of the scaled Eulerian pressures 7, on time.

We will next derive a Hamiltonian formulation in the Eulerian variables v, = v, (x,t) and 0, = 04(X,t)
from the above column Poisson formulation. To do so, we need to relate the functional derivatives of
arbitrary functionals F and G to partial derivatives for the functions F' and G, and relate the time



derivative dJ /dt of the functional F to the time derivative dF’/df. From these relations and the column
Hamiltonian formulation we then obtain a Poisson formulation

dF

for the Eulerian Hamiltonian dynamics.

Evaluation of an Eulerian quantity such as the horizontal velocity v(x,t) at the parcel position is
denoted by x = v o x which in the parcel picture is identified with the parcel (or column) velocity U for
the distinguished label A. Mathematically, ‘o’ denotes the composition of maps; in the present context we
can think of “() o x(a,t)” signifying that an Eulerian variable (-) is evaluated at the location x = x(a,t)
of the Lagrangian parcel a. This notation is powerful because it allows a precise description denoting in
which framework, Lagrangian or Eulerian, a variable is being considered. Using this notation, the relations
between functional and function derivatives, and between the two brackets, are given by

1 0F
oF 1 0F
VXQF = <Vm - 0_70[ M'Vva> o Xa(A,t) s (34b)
and we have
N
dF d
o= | gFda= ; /{F, Hu}oda, (35)

see Appendix A for a proof. Substitution of (34) into (35) using (30b) yields the Hamiltonian dynamics
of the N-layer equations (Shepherd 1990, in general; Ripa 1993 and Bokhove 2002, specifically) where,
under the assumption that the horizontal boundary condition permits integration by parts with vanishing
boundary contributions, we find

N 1
dF OF — 0H OF oH oH OF
a—{f””—az:l/[qam 'M‘aaav'(sva*(mvm} dx (36)

with Hamiltonian

N N-1
1 2 PrCp / +1 +1
= ol = Ve b)d — 0o — 0o, o On 1y d 37
H azl/a (Q\V\ +g) X+g(/1+1) azl( +1) M6 T ONN x (37)
and layer potential vorticity
Go = (f +V+va)/0a. (38)

The potential vorticity is computed explicitly in Appendix A. The Hamiltonian is required to satisfy (A.13)
and (A.15) for each layer, namely

i
0ve

o _ % [Val? + M, (39b)

=04Va, (39a)

d0a



‘T'hese conditions are consistent with our previously derived expressions for the Montgomery potentials
(29d) and (29e) due to the relationship between the (scaled) pressures and pseudo-densities given by (29f),
which implies that

%: g/pr fa<p (40)
ol 0 ifa>g,
so that
H Ong g
(50a Z (57]5 00o Z (57]5 (41)

When isentropes intersect the Earth, the horizontal extent of the affected layer becomes dynamic. It is
given by the region where o, > 0. No extra variations are required as o, = 0 at the dynamic boundary of
the Earth-intersecting isentrope. This situation is akin to the dynamic water-line movement in the shallow
water equations, where the depth is zero at the water line.

The bracket (36) is skew-symmetric, which follows by inspection, and satisfies the Jacobi identity

{}-7 {Q,IC}}+{Q, {IC,]:}}+{IC,{]:,Q}} =0, (42)

see Appendix B for a proof.
Finally, by inserting the test functionals

F = o0a(x,t) = / oo(X' 1) §(x — x')dx’/ (43)
and
F =va(x,t) = /Va(x’,t) §(x —x')dx’, (44)

respectively, into (36), we obtain the Eulerian equations of motion

0o 57‘(
IV oH * oH L 1,
W = —Qo — 6va E = —(0a Oq VCV - V(§ |Va’ + Ma) . (45b)

This concludes the derivation of the N—layer isentropic atmospheric model and its Hamiltonian formulation.
Owing to this Hamiltonian formulation, the model has conservation laws for energy, mass, and also local
and global potential vorticity invariants (see, e.g., Salmon 1998).

5 Summary and conclusion

A layer model with IV isentropic layers was derived using Hamiltonian methods in two ways. First, we sim-
plified a parcel formulation of the hydrostatically-balanced primitive equations to Hamiltonian fluid parcel
dynamics in N isentropic layers. Second, we connected this parcel formulation to the classical Eulerian
Hamiltonian partial differential equations of motion for the N-layer model. While the former, parcel for-
mulation consisted of ordinary differential equations for each fluid parcel and an integral relation gluing all
parcels to a continuum, the latter, classical formulation is expressed entirely in terms of partial differential
equations. We showed how these two formulations are connected. Both Hamiltonian formulations can be



used to explore the stability of geophysical flows and asymptotic models, using the associated conserva-
tion laws. Moreover, Hamiltonian parcel representations are continuum analogs of numerical Hamiltonian
particle methods such as those devised by Frank et al. (2002), and Frank and Reich (2003, 2004) which
preserve the parcel Hamiltonian structure with corresponding discrete conservation laws. Given the parcel
formulations developed here, these layerwise stratified models can be developed directly into Hamiltonian
particle methods or Hamiltonian particle finite element models. The key observation is that particle ad-
vection naturally preserves the parcel bracket. The overall scheme is energy-conserving provided one can
design a suitable discretization of the potential; see, e.g., Frank and Reich (2003) and Dixon and Reich
(2004).

The measured vertical temperature profiles shown by Birner et al. (2002) and Birner (2006) reveal that
the temperature is nearly constant in at least a stratospheric layer ranging from roughly 10 to 20 km. These
observations suggest that an isothermal layer model has some validity in the stratosphere. Such a model
warrants two remarks. First, the observed velocity profile is depth dependent. This can be accommodated
by taking multiple isothermal layers of the same temperature but with piecewise constant velocity profiles.
Second, the diabatic effects ensuring the temperature to be constant in the observations emerge likely on
a slower time scale than the one for the dynamics. For slow balanced vortical dynamics in the stratosphere
this difference in time scale is then less extreme. In Appendix D, we have therefore constructed a N-layer
model with isentropic tropospheric layers and isothermal stratospheric layers. We stress that our main
intent is not the claim of applicability, but rather to give another exposition of the techniques used in the
main text.

A future aim is to compare conservative numerical layer models based on either the parcel formulation or
the partial differential one. Simulations with mixed isentropic and isothermal layers will form an interesting
test case with potential for comparison with measured atmospheric temperature profiles.
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Appendix A

Derivation of the generalized Poisson bracket

We seek to associate to each column function F' = F(U;,X;,..., Uy, Xy) an Eulerian column functional
F = Flvi,01,...,vn,on]. To this end, we must relate the partial derivatives of F' to the variational
derivatives of F.

The computations can be done layer-wise, so that, for clarity of notation, we omit the layer indices. The
general case follows by summation over layers. First, we write dx to denote the variation of x and define
an Eulerian variation vector field w via éx = w o x or, equivalently, w = dx o x !, where the inverse flow
map x ! maps coordinate to label space. In other words, w = w(x,t) is the Eulerian representation of
d0x. Then the following identities are true:

ovox =90x —Vvoxdx, (A1)
do+ V:(wo) =0. (A.2)

The first identity follows directly by taking the variational derivative of x = vox. The second identity can
be seen as a continuity equation with respect to the variation vector field w, and is shown as follows. Use



expression (29g) for o, take the variational derivative and apply the result to an arbitrary test function ¢.

Then, using the chain rule and integration by parts, we have

/¢>5adx_ /¢ / a,0) Vo(x — x(a))-0x da dx
_ /V(Z)(X)-/U(a, 0)5(x — x(a)) oy da dx

— [ Vo) [0, a6~ x) wix) dx dx
——/qb(x)V wo) dx

We first compute, on the continuum level,

0F = /[(5 +(5a]dx

:/(1 5'7:) OX‘(5X—VVOX5X) da—/gv-(wa)dx

o ov
:/ 107 oX‘é)'(da—i—/ VE—E(VV)T&I ox-dxda.
o ov oo o ov

We now restrict our variations to a single column A by assuming the special form
ox(a,t) =0(a—A)oU(t), dx(a,t)=4da—A)iX(t),

so that

SF(A) = (1 ‘Sf) o x(A)-0U + (VM: 1 (vv)© ‘W) ox(A)0X.

o ov o o ov

On the other hand, we have

oF oF
0F = U 5U+87X6X

whence, identifying §F(A) = 6F'(U, X) and comparing coefficients, we find that

1 6F oF
<a 5v> °X(A) =55
SF 1, 5 0F _OF

(A.4)

(A.6)

(A.7)

(A.8a)

(A.8D)

Next, note that all of the above computation up to (A.4) holds when the variational derivative is replaced



by a time derivative and, correspondingly, w 1s replaced by v. We find that

d 10 J 1 4]
il = ( }_> ox-)"(da—l—/<v}_ — = (vv)T f) ox-xda

dt o ov o o ov
~Jlau X T ax X
:/iF(U,X)da:/{F,H}da, (A.9)

where, in the second equality, we have inserted relations (A.8). We identify the last integral as the contin-
uum Poisson bracket, which we can write in terms of functional derivatives as

{F.Gg} = /{F, G}da= /[f VGF-VuG + Vx F-VyG — VXG'VUF] da

1
:/[f a 5g+<v5.7:_i(vv)T5]:>.16g

o2 ov  ov o ov ) o v

_1 ‘sf(v‘sg 1 (vv)T 59’” oxda
ov

Y dbo o
SF+6G  _OF 6G 4G 6F
with layer potential vorticity
L .
=1 TVv (A.11)
o

Hence, we have found (36) in the main text, but for an integration by parts.
Finally, we use (A.8) to derive the Hamiltonian functional H. From (A.8a),

1 0H OH
(U 5v) ox(A) =5 =U, (A.12)
so that
OH
v ooV (A.13)
Further, from (A.8b),
oH 1 7 OH _OH

so that, up to a constant of integration,

oH 1

o =3 [v|? + M. (A.15)

Appendix B



The Jacobi identity

It is easy to check, by taking the total variation and localizing to a single column as in (A.5), that (A.8)
hold in particular for functional-function pairs

g / J (k. x) da (B.1)

with functional J and function J. In particular, due to the first identity in (A.10), these relations hold
when

J ={G,K} = /{G, K}da, (B.2)

so that, using (A.10) once more,

(FAG.K}} = / (F,{G,K}} da. (B.3)

Since the function bracket (30b) in integral (B.3), for each layer, satisfies the Jacobi identity by direct
verification, the Jacobi identity (42) for the functional bracket is immediate.

Appendix C

Generalized Eulerian—Lagrangian Poisson formulation

In the body of this paper, we showed how to “lift” a column Poisson formulation to a generalized partial
differential Poisson formulation which is equivalent to the usual Eulerian fluid description. Here, we show
that it is also possible to derive a Poisson formulation which retains the Lagrangian description of the
velocity, but incorporates the Eulerian pseudo-densities into the bracket. We can think of this formulation
as being half-way between our column Poisson formulation where densities are external to the Hamiltonian
structure and the fully Eulerian generalized Poisson formulation of Section 4. While the end result will not
come as a surprise, we believe that the structure exposed in the derivation may be useful for the derivation
of Hamiltonian numerical schemes.

In this Eulerian-Lagrangian formulation, we take vk = v,(x(a,t),t) and o, = 04(x,t) as dependent

variables. Then, the analog of (A.4) for a column functional F = F[vl oy,..., vk on] reads
§F = /(fv};-avL da+/i§50— dx = ;viL-(sx(a) da + /<vf§§> o x(a)-dx(a)da, (C.1)

where, as before, we are omitting column indices. Again, we restrict our variations to a single column A
by assuming the special form (A.5), so that

_0F
-~ ovl

oF

SF(A) (A)-6U + (véa

> ox(A)-6X. (C.2)

On the other hand, we have (A.7), whence, identifying § F(A) = 0F (U, X) and comparing coefficients, we



find that

oF oF
(S\T(A) =30 (C.3a)
va oF
Consequently, (A.9) must be replaced by
dF oF . OF . d
Fre m-xda—i— /(véa> ox-xda= / EF(U’X) da = /{F, H}da, (C.4)

We identify the last integral as the continuum Poisson bracket, which we can write in terms of functional
derivatives as

{F,G} = /[f V%}F'VUG + VxF-VyG — VxG-VuF} da

3 0F + 6G 0F JY 3G 0F
= /[f(va oL + <v50> OX L T <V5U) OX'(ng] da. (C.5)

To derive the corresponding Hamiltonian functional, note that, from (C.3a),

oH OH

A U U (C.6)
so that
oH I
Further, from (C.3b),
OH oH
so that, up to a constant of integration,
oH
S M. (C.9)

By combining (C.7) and (C.9) for all N layers using the expression for the Montgomery potentials (29d)
and (29e), we obtain the Hamiltonian functional

N N N-—1
1 PrC % K
H:Z/Q|V§|2da+2/90abdx+g(ﬂ4_pl)/< E (90‘_0@+1)7704+1+9N77N+1> dx (C.lO)
a=1 a=1 a=1

By substituting the test functionals

F =o04(x,t) = /Ja(x',t) §(x — x")dx’ (C.11)



and
F=vE(a,t) :/vg(A,t)5(aA)da, (C.12)

respectively, into (C.4) and (C.5), we obtain the mixed Eulerian-Lagrangian equations of motion

doo oH 1)

5 = -V- (o’a @ ox ) = —-V-(0aVa), (C.13a)
Ovy =—f 5—HL — V(S—H ox(A)=—f vIt (VM ) ox(A) (C.13b)
at 7’ evL do, ) S XN T T Va o) O XL '

Appendix D

Model with isentropic tropospheric layers and isothermal stratospheric layers

Our method for deriving generalized partial differential Poisson formulations is not restricted to only
isentropic layers. Physically relevant and interesting are models where the troposphere consists of multiple
isentropic and the stratosphere of multiple isothermal layers, although from a mathematical point of view
we can have arbitrary sequences of iso-layers.

To be consistent, isothermal models require that we give up material conservation of potential tem-
perature (assuming that the iso-condition is maintained by external heat fluxes or dissipation), and that
temperature is a materially conserved quantity as well.

Isentropic layers are used in the troposphere, as in Section 3. Likewise, in an isothermal layer T' = 0 n”
is constant. The ideal gas law p = pRT and hydrostatic balance dlnn/dz = —g/(RT) then imply that
the buoyancy frequency satisfies

dlnd kg?

N?= =——>0. D.1
974z TRT” (B-1)

Isothermal layers are therefore also stably stratified, as is well known. In each such layer, using (10) and

the ideal gas law, we find that

VxM(0,X,t) = E Vp + V(gz)] = [V(RT Inn + gz) . (D.2)

x=X x=X

Hence,
M=RTlhn+g=z (D.3)

up to an arbitrary constant.
Thus, due to (18) again and the continuity of the pressure, at the interface z = z, between layer a and
layer o + 1, we find

cp Oana”™ if layer « is isentropic (D)

My =g9gzq+
o« T 9% {RTa Inn, if layer « is isothermal



and

cp Oay1mf if layer a4 1 isentropic

Mot1 =920+ { (D.5)

RTy41 Inn, if layer a4 1 isothermal .

Let N; denote the number of isothermal stratospheric layers and No = N — N; denote the number of
isentropic tropospheric layers. Then the analog of expression (23) for the Montgomery potentials reads

My = ¢, 0Ny +gb, (D.6a)
N-1
My =My +c, Y (05— 0p11) 0 (D.6b)
[B=a
forao=Ny+1,...,N —1,
]\4]\[1 = MN1+1 + RTN1 lnan —Cp 0N1+1 T]R[l , (D.GC)
Ni—1
My =My, + R > (Ts — Tpy1) Inng (D.6d)
B=a

for a =1,...,N; — 1. Due to (41), the Hamiltonian satisfying (A.15) and (A.13) is

N N-1
1 CpPr K K K
H = Z/O'a (5 val* + gb) dx + m /( Z (9(1 - 0a+1) 77a+1 + 0N 7]N+1 — 0N, +1 77NT1> dx
a=1 a=N;+1

N;—1

R p:

X gp /( Z (To, — Tot1) Mo (In Mo, — 1) + T, v, (Inmn, — 1)) dx. (D.7)
a=1

This ends the derivation of the different Montgomery potentials and Hamiltonians relative to the ones for
the isentropic N-layer model in the main text.
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